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We demonstrate a new type of transition within the strong coupling regime, which alters
the coupling mechanism in multimode cavities. We show that this transition drastically
modifies the Hamiltonian describing the polaritons, such that different cavity modes are
either entangled via the material or completely decoupled. This decoupling transition occurs
due to the competition between the dissipation in the material and the finite group velocity,
which governs the propagation of information across the cavity and among the molecules.
The results indicate that the velocity of light, which is often not taken into account in cavity
quantum electrodynamics, plays a crucial role in the formation of cavity polaritons and their
dynamics.
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2In cavity quantum electrodynamics, the balance between the light-matter coupling strength,
which is quantified by the Rabi frequency Ω, and the other time-scales in the system defines
several different regimes [1]. In weak coupling, irreversible processes dominate the dynamics and
the cavity acts as a perturbation, which may modify the spontaneous emission rate, among other
effects. When the coupling strength overcomes the incoherent processes, the system crosses into the
strong coupling regime, in which the coherent mixing between the material excitations and photonic
wavefunctions confined by the cavity gives rise to hybrid light-matter excitations known as cavity
polaritons. This regime is marked by an energetic splitting ~Ω of the resonantly-coupled states of
the material and the optical cavity. Strong coupling had been studied in many different systems,
such as atomic cavities [2], inorganic semiconductors [3] and molecules [4], and it offer numerous
opportunities for optoelectronic and quantum technologies [2, 5]. When the coupling is further
increased and becomes comparable to the transition energy in the material, a different regime,
known as ultrastrong coupling, is reached [6–9] and new phenomena emerge, such as squeezed
vacuum and emission of entangled photon pairs [10].
Recently, the possibility of hybridizing multiple transitions to a cavity mode has been explored,
primarily in organic systems [11–17]. In such systems, a middle polariton branch may emerges as a
coherent tripartite superposition of the photonic wavefunction and two material excitons. As such,
these hybrid polaritonic excitations give rise to indirect energy transfer and other effects [18–22]
which are particularly relevant in molecular chemistry and material science [4].
In this work, we consider the scenario in which a single excitonic transition is coupled to a
multimode Fabry-Pe´rot cavity [23–25]. We show that in such multimode cavities, where several
optical resonances can interact with the material, a new kind of transition occurs within the
strong coupling regime, with the system crossing between two fundamentally different coupling
mechanisms. As we show, this transition results from the competition between the lifetime of
the collectively coupled emitters and the finite propagation velocity of light circulating inside the
cavity.
The cavity is composed of two parallel mirrors, with the gap between them uniformly filled
with an optically-active material (e.g. quantum wells or molecules). If the cavity length L is large
enough, the cavity free spectral range, given by ∆ν = c/2Ln0 (with c being the speed of light,
and n0 the background refractive index inside the cavity), can be small enough such that several
longitudinal modes reside in the vicinity of the transition energy (denoted as Ex) and multiple
cavity modes may therefore effectively couple with the material excitation. Similar conditions can
also be obtained in other geometries, such as ring resonators or dielectric microspheres supporting
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FIG. 1. Reflectively (gray-scale image, calculated for transverse electric polarization) of a hybrid cavity
under strong coupling with f = 0.01eV 2 (a) and f = 0.1eV 2 (b). The low reflectively (bright regions)
corresponds to the polariton branches. The red lines show a fit to the polariton energies calculated using
the Hamiltonian HN+1 (a) and H2N (b) with g = 20 and 70 meV, respectively. In constructing both
Hamiltonians, the energies of the uncoupled cavity modes were obtained from the TMM simulations using
f = 0).
multiple whispering gallery modes [26].
To simulate the polariton dispersion of the system, we used the transfer matrix method
(TMM) [24, 27] to calculate its reflection spectrum as a function of the in-plane momentum
kx, as shown in Fig. 1. In these simulations, the mirrors are defined as silver layers of 45 nm
thickness and the material is modeled as a Lorentz-type dispersive medium, with a refractive
index given by n(E) =
[
n20 + f/(E
2
x − E2 − iγE)
]1/2
. Here γ is the FWHM of the transition (or
the decay rate) and f is the oscillator strength (per unit volume) of the transition. The oscil-
lator strength is related to the transition dipole element d by f = 2NExd
2/n20 [28], where N is
the density of emitters, and it determines the collective coupling strength in the system, which
is given by Ω =
√
f/n0 (see Ref. [29] and Supplemental Material). We choose the parameters
Ex = 2.11 eV, γ = 10 meV and n0 = 1.5, matching typical parameters for TDBC J-aggregate
molecules, which are commonly used in strong coupling experiments [30–32]. Fig. 1(a) and 1(b)
present the simulated dispersion with oscillator strengths of 0.01 eV 2 and 0.1 eV 2, respectively.
The cavity length was set to L = 700 nm, such that the 1st, 2nd and 3rd order modes are resonant
with the exciton at kx = 12.5, 10.5 and 6.5 µm
−1. Fig. 1(a) clearly shows the avoided crossings
behavior typical of strong coupling at these resonant points, along with a slight blue shift of the
fourth-order mode, which is not resonant with the exciton for any value of kx. In addition, the
4dispersion also exhibits a ”mid-polariton” that adiabatically transforms from one cavity mode to
the next, passing continuously through the exciton energy. By analogy with a two exciton, single
cavity-mode system [11], this system can be modeled using an extended coupled oscillator model,
which is given by an N + 1 dimensional Hamiltonian in the form
HN+1 =

E˜x g g . . . g
g E
(1)
c 0
g 0 E
(2)
c
...
. . . 0
g 0 E
(N)
c

(N+1)×(N+1)
(1)
where E˜x = Ex + iγ/2, E
(n)
c (kx) are the resonant energies of the N dispersive photonic modes of
the cavity and the 2N off-diagonal elements g = ~Ω/2 couple the exciton to each one of the cavity
modes [23]. The red lines in Fig. 1(a) show the fit of the diagonalized Hamiltonian HN+1 (with
four cavity modes) to the simulation results, using g = 20 meV as a single fitting parameter.
In sharp contrast, at a higher value of the oscillator strength, [Fig. 1(b), f = 0.1 eV 2], along
with the expected increase in the Rabi-splitting energy (which scales as
√
f), the dispersion clearly
shows a gap spanning the limited k-space from kx = 0 and up to the light line, and separating N
upper and N lower polaritonic branches. This energy gap is reminiscent of the polaritonic bandgap
discussed in the context of ultrastrong coupling [24, 33], even though our system operates within
the usual strong coupling regime. Since there are 2N polaritonic modes, the system clearly cannot
be described by the HN+1. Instead, we find that the dispersion can be fitted by considering the
independent coupling of each one of the cavity modes to the excitonic transition, which is described
by the 2N -dimensional block-diagonal Hamiltonian
H2N =

E
(1)
c g 0 0 . . . 0 0
g E˜x 0 0
0 0 E
(2)
c g
0 0 g E˜x
...
. . .
0 E
(N)
c g
0 g E˜x

2N×2N
(2)
such that each 2 × 2 block represents the interaction between the excitonic mode and a specific
cavity mode. The solutions of this Hamiltonian (calculated using g = 70 meV), are plotted in
5Fig. 1(b) (red lines), perfectly matching the results of the TMM simulations. It is clear that in
this regime the exciton-mediated coupling between the cavity modes, which occurs at the lower
coupling strength [Fig. 1(a)], completely disappears, and each one of the N pairs of polaritonic
branches is associated with a distinct cavity mode.
Since two different Hamiltonians with different dimensionality, HN+1 and H2N , are required
for modeling the system at two different coupling strengths, our results clearly indicate that there
is a transition within the strong coupling regime, for which the nature of the coupling changes
fundamentally. This complex behavior is different from all previously known transitions for light-
matter interaction in a cavity [34].
To further investigate the observed transition, we use the TMM simulations to obtain the
dispersion at an intermediate coupling strength, setting f = 0.015 eV 2 and scanning over the
cavity length from 0.180 µm to 1.25 µm (while maintaining the same conditions of a uniformly-
filled cavity with a fixed material concentration). Fig. 2 presents the simulated normal-incidence
reflection spectrum as a function of inverse cavity length. As the cavity length is varied, different
cavity modes become resonant with the material, causing a normal mode splitting of each one
of the cavity mode branches, as seen earlier in Fig. 1. Between these anti-crossing points, the
results clearly show a transition from a regime in which a continuous mid-polaritons branch exists
(e.g. around 25 µm−1 or L ' 0.25 µm) to a regime in which the mid-polaritons disappear and
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FIG. 2. Reflection spectrum as a function of inverse cavity length (a measure of longitudinal momentum),
calculated at normal incidence and with f = 0.015 eV 2. Low reflectance (bright regions) corresponds to
the polariton branches. The blue lines show the reflection minima, depicting the evolution of the polaritons
with the thickness of the cavity.
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FIG. 3. Spatial distribution of the energy dissipation within the cavity as a function of the photon energy,
calculated for normal incidence (from the top side) with a cavity length L ' 0.490 µm and f = 0.01 eV2
(a) and f = 0.1 eV2 (b). The white lines mark the edges of the mirror. Also shown is the spectral response
(1−R, red curves) with the circles marking the position of the mid-polariton mode in (a) and the decoupled
polaritonic modes in (b).
a gap is formed between the polaritonic branches (below 10 µm−1 or L > 0.630 µm). It should
be noted that the Rabi splitting is identical for all the cavity modes, as observed at the avoided
crossing points, irrespective of cavity length (or the mode volume). This is expected since, for a
homogeneously filled cavity, the coupling strength depends only on the oscillator strength per unit
volume, which scales linearly with the density of emitters. On the other hand, it is clear from
Fig. 2 that the behavior of the strongly coupled system is governed by the dimensions of the cavity,
and not only by the coupling strength and loss rates. Once again, the observed dependence on
the cavity length also indicates that the physics of the coupled system cannot be fully captured by
either one of the Hamiltonians above.
To understand the nature of the mid-polaritons and their decoupling across the transition,
we examine their spatial-spectral distribution before and after the transition. Fig. 3 shows the
calculated energy loss distribution within the cavity [7], which is defined as 12Im{n2}ω |E(z)/E0|2,
where ω is the frequency, E(z) describes the field distribution inside the cavity (extracted from the
TMM simulations) and E0 is the incoming field amplitude. The data were calculated for normal
incidence and under similar conditions to Fig. 1, with the cavity length (L ' 0.490µm) chosen
such that the second- and third-order modes are equally detuned (in opposite directions) from the
excitonic transition. As seen, below the transition [Fig. 3(a), f = 0.01 eV2], the energy distribution
at 1.68 and 2.5 eV exhibits standing-wave patterns with two and three antinodes, respectively,
corresponding to photon-like polaritonic states associated with the second- and third-order modes.
7At the mid-polariton energy (2.11 eV) the data also displays a standing-wave pattern. However,
its distribution does not correspond to an integer number of cycles within the cavity, as one may
expect for any mode of the system. Interestingly, under such conditions the accumulated round-trip
phase at that energy is 5pi, which usually (i.e. in the absence of the active medium) gives rise to
destructive interference between the mirrors and full reflection from the cavity. However, when the
excitonic material is placed inside the cavity, this destructive interference is diminished, leading to
the creation of the mid-polariton state. With a higher coupling strength [Fig. 3(b), f = 0.1 eV2]
and above the transition, we again observe the splitting of the mid-polariton peak in two, while
the peaks at 1.68 eV and 2.5 eV remain unchanged (apart for a small shift further away from
Ex). Moreover, the energy loss distribution clearly shows that the splitting of the mid-polariton
results in two separate polaritonic modes having different structures. The left one (2.07 eV) has
three antinodes, and therefore it is associated with the third-order cavity mode, while the right
one (at 2.15 eV) has two antinodes, linking it to the second-order mode. Therefore, these results
demonstrate how the increase in the coupling strength transforms the system from a regime in
which the two cavity modes are mixed via their mutual coupling with the material (as described
by HN+1), to a regime in which the transition in the material couples separately to each one of the
the two cavity modes as described by H2N , giving rise to two decoupled pairs of polaritonic states.
Next, in order to elucidate the nature of the observed transition, we monitor the emergence of the
mid-polariton by looking at the intersection between the accumulated polariton round-trip phase
for the multiple branches using φp = 2Ep(L)n(Ep)L/~c, calculated from the polariton energies
Ep(L) [35], and the photonic round trip phase φRT (E) = 2k(E)L, calculated with a fixed cavity
length and with the energy taken as a free parameter. Such an approach has been used previously
as a semiclassical model for predicting the emergence of strong coupling and the polariton energies
(see Supplemental Material and Refs. [24, 36]). Interestingly, as we show in the Supplemental
Material, at the transition to strong coupling, the group velocity for photons circulating within the
cavity (which is directly related to the slope of φRT ) crosses from a positive to a negative value. In
Fig. 4(a)-(c) we plot the polaritonic phase φp as a function of Ep (black curves) for cavity lengths
between 0.1 and 0.9 µm and with f = 0.01, 0.015 and 0.04 eV 2. For a cavity length of L = 490
nm (for which Ex is located exactly between the 2
nd and 3rd-order cavity modes) these f values
correspond to the system being below, near, or above the coupling-decoupling transition. As can
be seen, far from the absorption line (where n(E) is almost purely real), φp is a multiple integer
of 2pi, as expected. However, close to Ex, the polaritonic phase crosses continuously from 3 × 2pi
to 2 × 2pi as the cavity thickness decreases and the polariton energy increases, passing through a
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FIG. 4. (a)-(c) Accumulated polaritonic phase φp with a varying cavity length (black dotted lines) and
photonic round-trip phase φRT calculated for L =0.490 µm and with the energy as a free parameter (red
lines). The blue circles mark the hybrid modes at the intersection points for L =0.490 µm. (d) Phase
curves for increasing values of f (indicated by the arrows) in the vicinity of the transition, plotted near the
mid-polariton residing between the 2nd and 3rd modes.
value of 5pi at L ∼ 490 nm as also seen in Fig. 3(b). In addition, we overlay the photonic phase
φRT (E) = 2k(E)L for this specific choice of L [red curve in Figs. 4(a)-(c)]. For each value of f , the
intersection points between these curves and φp, marked by blue circles, give the polariton energy
for this particular cavity length. When the value of f increases [Figs. 4(b),(c)], we observe that
the polariton phase curve acquires a discontinuity as the mid-polariton branch splits and the two
decoupled polaritons are formed. At the same time, since the dispersion of the excitonic medium
depends linearly on f , as f increases, the slope of φRT (red curves) at E = Ex becomes more
negative. In examining the region close to the transition point [see Fig. 4(d)], we find that the
decoupling between the cavity modes and the appearance of a gap occur exactly at the point where
the two slopes become equal, which is a necessary requirement for having two intersection points
between the curves. This observation indicates that the coupling-decoupling transition occurs when
the (negative) group velocity crosses a critical value, which, as shown in the Supplemental Material,
is given by |vg| = piLγh (1 − 2β), where β = e−αL/(1 − e−αL) is a small parameter expressing the
absorbance within the cavity at Ex and α ' 2/L + 2pin0γ/hc is the absorption coefficient of the
medium. Furthermore, for a long enough cavity, β can be neglected such that the critical group
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FIG. 5. Coupling-decoupling transition in the (γ, f) parameter space. The false-color image shows the
exact numerical solution for ∂
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calculated for (a) m = 2 and (b) m = 5, and the yellow curves
correspond to the approximated solution for the critical group velocity with β = 0 (solid) or evaluated for
β = e−αL/(1− e−αL). The dashed red line marks the transition to the strong coupling regime.
velocity is simply given by |vg| = piLγ/h.
This result can be interpreted in the following manner: the time required for a photon to travel
across the cavity is given by τc = L/|vg|. On the other hand, the exciton lifetime is given by
τx =
h
2piγ . With these, we identify that the decoupling transition and the splitting of the mid-
polariton branch occurs when τc > 2τx, that is, when the dissipation within the material occurs
before the photon that couples the emitters with the cavity can traverse the entire volume of the
cavity. In order to examine the validity of this result, we may numerically evaluate the second
derivative of the reflection spectrum at E = Ex, where a positive value corresponds to a single
reflection dip of a mid-polariton mode while a negative value indicates the splitting of the mid-
polariton into two decoupled states. This is shown in Fig. 5, where the cavity length was chosen
such that a mid-polariton branch crosses between the second and third cavity modes [Fig. 5(a),
L = 490 nm] or between the fifth and sixth mode [Fig. 5(b), L = 1077 nm]. Superimposed on this
exact calculation, we plot the analytical result based on the expression for |vg| with β = 0 (solid
line) and with β 6= 0 approximated as above (dashed lines). As a reference, we also plot the curve
corresponding to the transition from weak to strong coupling, given by f = n20γ
2. As can be seen,
the analytical solution agrees well with the exact calculation, with only a slight influence upon the
inclusion of β.
To conclude, we presented the study of strong light-matter coupling in multimode cavities
and showed that such systems exhibit a transition between two different types of strong coupling
behaviors. Below the transition, different cavity modes interact via the material while above
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the transition the cavity modes decouple and the material interacts individually with each cavity
mode. Our analysis shows that the observed transition between two different regimes of strong
coupling is related to the competition between the finite group velocity of photons in the cavity
and the decay rate of the emitters, indicating that spatiotemporal effects play an important role
in the dynamics of strong coupling. Consequently, it should be expected that systems with similar
coupling strength but different dimensions can exhibit different coherent dynamics. Moreover, the
group velocity may be further tailored, by including either passive or nonlinear dispersive media
within a cavity in addition to the excitonic material. In this way, the exciton-mediated coupling
between the cavity modes can be controlled, which may be used as a tool for various quantum
information processing schemes [37–39]. Finally, since neither one of the Hamiltonians, HN+1 nor
H2N , can be used to describe the cavity in both coupling regimes, it is evident from our findings
that a new type of Hamiltonian, which takes into account the finite rate of information spreading
among the emitters, is required for capturing the complete physics of strongly coupled systems.
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